Abstract-Mechanisms underlying biological effects of statin and angiotensin-converting enzyme inhibitor therapies differ. Thus, we studied vascular responses to combination therapy in hypercholesterolemic patients. A randomized, double-blind, placebo-controlled, crossover trial was conducted with 50 hypercholesterolemic patients with simvastatin and either placebo or ramipril (study I) and in 45 hypercholesterolemic diabetic patients with simvastatin or ramipril with placebo or simvastatin combined with ramipril (study II) for 2 months with 2 months washout. In study I simvastatin combined with ramipril significantly reduced blood pressure after 2 months. Simvastatin alone or combined with ramipril significantly changed lipoproteins, improved percent flow-mediated dilator response to hyperemia by 30Ϯ5% and 53Ϯ6%, respectively (PϽ0.001), and reduced plasma levels of malondialdehyde by 4Ϯ7% (Pϭ0.026) and 25Ϯ4% (PϽ0.001), respectively. Monocyte chemoattractant protein-1 levels decreased by 3Ϯ3% and 12Ϯ2%, respectively (Pϭ0.049 and Pϭ0.001, respectively), C-reactive protein levels changed by 0% and 18%, respectively (Pϭ0.036 and PϽ0.001, respectively), and plasminogen activator inhibitor-1 antigen levels changed by Ϫ7Ϯ7% and 17Ϯ5%, respectively (Pϭ0.828 and PϽ0.001, respectively). In study II ramipril alone did not significantly change lipoproteins and C-reactive protein levels, however, simvastatin combined with ramipril significantly changed lipoproteins and C-reactive protein levels more than ramipril alone (PϽ0.001 and Pϭ0.048 by ANOVA, respectively). Ramipril alone or simvastatin combined with ramipril significantly improved the percent flow-mediated dilator response to hyperemia (both PϽ0.001), however, simvastatin combined with ramipril showed significantly more improvement than ramipril alone (PϽ0.001 by ANOVA). Simvastatin combined with ramipril significantly improved endotheliumdependent vasodilation and fibrinolysis potential and reduced plasma levels of oxidant stress and inflammation markers in hypercholesterolemic patients. Key Words: angiotensin-converting enzyme Ⅲ atherosclerosis Ⅲ endothelial growth factors Ⅲ hypercholesterolemia Ⅲ blood pressure L arge-scale clinical studies demonstrate that statins and angiotensin-converting enzyme (ACE) inhibitor prevent or retard the progression of coronary heart disease. 1,2 The mechanisms of this apparent benefit of these therapies may include vascular effects. Statins reduce LDL cholesterol and improve endothelial function, consistent with enhanced NO bioactivity. 3-5 ACE inhibition also improves endothelial function. 6,7 A potential mechanism of this effect is augmented NO bioactivity via diminished bradykinin degradation by ACE with activation of endothelial B 2 kinin receptors and stimulation of NO synthase activity. 8 Alternatively, ACE inhibition may diminish intracellular production of superoxide anions via reduced activity of angiotensin II-dependent oxidases in the endothelium and vascular smooth muscle, 9,10 thus protecting NO from oxidant degradation to biologically inert or toxic molecules. 3, 11 Inhibition of the production of superoxide anions may also limit the oxidation of LDL, thus contributing to increased NO bioactivity by enhancing NO synthesis and limiting oxidative degradation of NO. 3, 11 Indeed, ACE inhibitors inhibit LDL oxidation and attenuate atherosclerosis. 12 Recent studies have shown that LDL induces the expression of angiotensin II type-1 (AT 1 ) receptor upregulation and that hypercholesterolemic rabbits display enhanced vascular expression of AT 1 receptors. 13, 14 Of interest, statins reverse the elevated blood pressure response to angiotensin II infusion and downregulate AT 1 receptor density. 15 Recent experimental studies have confirmed that angiotensin II accelerates the development of atherosclerosis. 16, 17 These studies suggest that angiotensin II promotes superoxide anion generation and endothelial dysfunction. This effect is mediated by AT 1
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arge-scale clinical studies demonstrate that statins and angiotensin-converting enzyme (ACE) inhibitor prevent or retard the progression of coronary heart disease. 1, 2 The mechanisms of this apparent benefit of these therapies may include vascular effects. Statins reduce LDL cholesterol and improve endothelial function, consistent with enhanced NO bioactivity. [3] [4] [5] ACE inhibition also improves endothelial function. 6, 7 A potential mechanism of this effect is augmented NO bioactivity via diminished bradykinin degradation by ACE with activation of endothelial B 2 kinin receptors and stimulation of NO synthase activity. 8 Alternatively, ACE inhibition may diminish intracellular production of superoxide anions via reduced activity of angiotensin II-dependent oxidases in the endothelium and vascular smooth muscle, 9,10 thus protecting NO from oxidant degradation to biologically inert or toxic molecules. 3, 11 Inhibition of the production of superoxide anions may also limit the oxidation of LDL, thus contributing to increased NO bioactivity by enhancing NO synthesis and limiting oxidative degradation of NO. 3, 11 Indeed, ACE inhibitors inhibit LDL oxidation and attenuate atherosclerosis. 12 Recent studies have shown that LDL induces the expression of angiotensin II type-1 (AT 1 ) receptor upregulation and that hypercholesterolemic rabbits display enhanced vascular expression of AT 1 receptors. 13, 14 Of interest, statins reverse the elevated blood pressure response to angiotensin II infusion and downregulate AT 1 receptor density. 15 Recent experimental studies have confirmed that angiotensin II accelerates the development of atherosclerosis. 16, 17 These studies suggest that angiotensin II promotes superoxide anion generation and endothelial dysfunction. This effect is mediated by AT 1 receptor. Angiotensin II activates nuclear transcription factor NFB induced by oxidative stress. 18 NFB activates proinflammatory transcription factors and thus stimulates the synthesis of protein products such as cell adhesion molecules and chemokines. 18, 19 On the other hand, angiotensin II stimulates the expression of plasminogen activator inhibitor type-1 (PAI-1) antigen released from endothelial cells, and ACE inhibitor may diminish a potent stimulus (angiotensin II) for PAI-1 synthesis by the endothelium, 20 thus potentiating fibrinolysis.
Thus, it is possible that the impact of these therapies on NO bioactivity and its subsequent effects on endothelial homeostasis may differ. Furthermore, because the mechanisms of the biological effects of these drugs differ, the combination of the therapies may be additive, an effect of potential importance to patients with hypercholesterolemia. Thus, this study was designed to assess the effect of simvastatin alone or in combination with ramipril on vascular function in hypercholesterolemic patients and the effect of simvastatin alone, ramipril alone, or simvastatin combined with ramipril in hypercholesterolemic diabetic patients.
Methods

Study Population and Design
Fifty-three hypercholesterolemic patients (LDL cholesterol levels Ͼ100 mg/dL) participated in this study. Patients with angina were in Canadian Cardiovascular Society class I or II. We excluded patients with severe hypertension, unstable angina, or acute myocardial infarction. No patient had taken any cholesterol-lowering agent, hormone replacement therapy, or antioxidant vitamin supplements during the preceding 2 months. To minimize acute side effects to ramipril, study medication was titrated from 5 to 10 mg upward over a 2-week period if no hypotension (systolic blood pressure Ͻ100 mm Hg) was noted. At the end of this time participants were receiving either placebo or ramipril per day. Fifty among 53 patients tolerated 10 mg ramipril with regard to maintaining systolic blood pressure Ͼ100 mm Hg for 3 hours after drug administration and experienced no adverse effects from therapy. Three patients suffered from dry cough and withdrew from the study. Thus, data were analyzed from a total of 50 patients. The clinical characteristics of these patients are summarized in Table 1 . We administered 20 mg simvastatin and 10 mg placebo or ramipril daily during 2 months with washout 2 months. This study was randomized, double-blind, placebo-controlled, crossover in design. The patients were seen at least at 14-day intervals during the study. Vasoactive medications, including calcium-channel blockers and long-acting nitrates, were withheld for Ն24 hours before the study. The study was approved by the Gil Hospital Institute Review Board, and all participants gave written, informed consent.
Because we did not investigate the vascular effects of 10 mg ramipril alone, we performed another study to compare the vascular effects of 20 mg simvastatin and placebo, 20 mg simvastatin combined with 10 mg ramipril, and 10 mg ramipril and placebo under the same protocol in hypercholesterolemic, type 2 diabetic patients. This study design was randomized, double-blind, and placebo-controlled, with 3 treatment arms (each 2 months) and crossover with 2 washout periods (each 2 months). 45 patients finished 3 treatment arms. 14 of the 45 patients participated in the original study.
Laboratory Assays
Blood samples for laboratory assays were obtained at approximately 8:00 AM following overnight fasting before and at the end of each treatment period for 2 months and immediately coded so that investigators performing laboratory assays were blinded to subject identity or study sequence. Assays for lipids, plasma nitrate (using the Griess reaction), malondialdehyde (MDA), monocyte chemoattractant protein (MCP)-1, and PAI-1 antigen were performed in duplicate by enzyme-linked immunosorbent assay (R&D Systems, Bioxytech LPO-586, OxisResearch, or Biopool for PAI-1 antigen) as previously described. 4, 7, 21, 22 C-reactive protein (CRP) levels were determined with an immunonephelometry system according to methods described by the manufacturer (rate nephelometry; Immage, Beckman Coulter) as previously described. 23, 24 
Vascular Studies
Imaging studies of the right brachial artery were performed using a ATL HDI 3000 ultrasound machine equipped with a 10 MHz linear-array transducer, based on a previously published technique. 4, 7, 21, 23 Measurements were performed by 2 independent investigators (D.K.J. and H.S.K.) blinded to the subject's identity and medication status.
Statistical Analysis
Data are expressed as meanϮSEM or median (range 25% to 75%). After testing data for normality, we used Student paired t or Wilcoxon signed rank test to compare values before and after each treatment and the relative changes in values in response to treatment for simvastatinϩplacebo versus simvastatinϩramipril. The effects of simvastatinϩplacebo, ramiprilϩplacebo, and simvastatinϩramipril were analyzed by 1-way repeated measures ANOVA or Friedman repeated ANOVA on ranks. After demonstration of significant differences among therapies by ANOVA, post hoc comparisons between treatment pairs were made by use of the Student-NewmanKeuls multiple comparison procedures. Pearson or Spearman correlation coefficient analysis was used to assess associations between measured parameters. PϽ0.05 was considered to be statistically significant.
Results
No significant differences were noted between baseline values for each treatment group (Tables 2 and 3 ). To rule out the possibility of a carryover effect from one treatment period to the next treatment period, we compared baseline values before the first treatment period to those before the second and third treatment periods. No significant differences were found with this analysis.
Simvastatin؉Placebo Versus Simvastatin؉Ramipril Study
Effects of Therapies on Blood Pressure and Lipids
Resting heart rate was similar after each treatment. Simvastatin alone did not reduce systolic and diastolic blood Values are expressed as meansϮSEM or n (%).
Koh et al Simvastatin Combined With Ramipril Treatment
pressure after 2-month administration. Simvastatin combined with ramipril significantly reduced systolic and diastolic blood pressure after 2-month administration compared with baseline, and these reductions were greater than simvastatin alone. Simvastatin alone or combined with ramipril significantly lowered total cholesterol (both PϽ0.001) and triglyceride levels (Pϭ0.003 and PϽ0.001, respectively), lowered LDL cholesterol (both PϽ0.001) and apolipoprotein B levels (both PϽ0.001), and increased HDL cholesterol (Pϭ0.742 and Pϭ0.260, respectively) and apolipoprotein A-I levels (Pϭ0.016 and Pϭ0.049, respectively). However, there were no significant differences between each treatment ( Table 2) .
Effects of Therapies on Vasomotor Function, Nitrate, and MDA
Simvastatin alone or combined with ramipril significantly improved the percent flow-mediated dilator response to hyperemia relative to baseline measurements by 30Ϯ5% and by 53Ϯ6%, respectively (both PϽ0.001). Of note, simvastatin combined with ramipril resulted in a significant improvement over simvastatin alone (PϽ0.001; Figure 1 ; Table 2 ). The brachial artery dilator response to nitroglycerin between each therapy was not significantly increased compared with respective baseline values for either therapy. Simvastatin alone or combined with ramipril decreased the plasma-nitrate Data are expressed as meansϮSEM or median (25th percentile-75th percentile and median percent changes from respective baseline) for CRP. The numbers in parenthesis represent meansϮSEM of percent changes from respective baseline.
There were no significant differences among each baseline values. *PϽ0.001 for comparison with each baseline value.
levels relative to baseline measurements by Ϫ7Ϯ8% and by 8Ϯ6%, respectively (Pϭ0.289 and Pϭ0.015, respectively). However, there was no significant difference between treatments (Pϭ0.115). Simvastatin alone or combined with ramipril decreased plasma MDA levels relative to baseline measurements by 4Ϯ7% (Pϭ0.026) and by 25Ϯ4% (PϽ0.001), respectively. Interestingly, simvastatin combined with ramipril caused a more significant decrease than simvastatin alone (Pϭ0.009).
Effects of Therapies on Markers of Inflammation and Hemostasis
Cytokines
Simvastatin alone or combined with ramipril lowered plasma levels of MCP-1 relative to baseline measurements by 3Ϯ3% and by 12Ϯ2%, respectively (Pϭ0.049 and Pϭ0.001, respectively; Table 2 ). Simvastatin combined with ramipril had a significantly larger effect than simvastatin alone (Pϭ0.015).
Simvastatin alone or combined with ramipril significantly lowered serum levels of CRP relative to baseline measurements by 0% and by 18%, respectively (Pϭ0.036 and PϽ0.001, respectively). Simvastatin combined with ramipril did not have a significantly greater effect than simvastatin alone (Pϭ0.150).
Hemostasis
Simvastatin combined with ramipril lowered plasma levels of PAI-1 antigen relative to baseline by 17Ϯ5% (PϽ0.001), and this effect of simvastatin combined with ramipril was significantly different from simvastatin alone (Pϭ0.003; Figure 2 ; Table 2 ). We investigated whether added ramipril-induced changes in the percent flow-mediated dilator response to hyperemia and serological markers of oxidant stress, inflammation, and fibrinolysis were mediated by reduction of systolic or diastolic blood pressure. There were no significant correlations between these changes and reduction of systolic blood pressure (Ϫ0.148ՅrՅ0.110) and between these changes and reduction of diastolic blood pressure (Ϫ0.216ՅrՅ0.138). Improvement in flow-mediated dilation did not correlate with changes in plasma nitrate levels (rϭ0.074 and rϭ0.127), MDA levels (rϭϪ0.051 and rϭϪ0.095), MCP-1 levels (rϭϪ0.026 and rϭ0.039), CRP levels (rϭ0.294 and rϭ0.023), and PAI-1 levels (rϭ0.170 and rϭ0.227) after simvastatin alone or combined with ramipril. Furthermore, to identify a mechanism for the regulation of CRP and MCP-1 levels, we assessed correlations between CRP levels and MCP-1 levels. There were no significant correlations between CRP levels and MCP-1 levels (rϭϪ0.162 and rϭϪ0.218).
Simvastatin؉Placebo, Simvastatin؉Ramipril, and Ramipril؉Placebo Study
We observed that ramipril alone did not significantly change lipoproteins and CRP levels relative to baseline measurements, however, simvastatin combined with ramipril significantly changed lipoproteins and CRP levels relative to baseline measurements (both PϽ0.001; Table 3 ). Furthermore, simvastatin combined with ramipril significantly changed lipoproteins and CRP levels more than ramipril alone (PϽ0.001 and Pϭ0.048 by ANOVA, respectively; Table 3 ). Ramipril alone or simvastatin combined with ramipril significantly improved the percent flow-mediated dilator response to hyperemia relative to baseline measurements (both PϽ0.001), however, simvastatin combined with ramipril significantly improved more than ramipril alone (PϽ0.001 by ANOVA; Table 3 ).
Discussion
Simvastatin and ramipril have different action mechanisms to affect vascular function and endothelium-dependent vasodilator responsiveness through modulating lipoprotein and angiotensin physiology. Therefore, we reasoned that combined therapy may have additive or synergistic beneficial effects in subjects with hypercholesterolemia. Indeed, whereas either monotherapy or combined therapy significantly improved the percent flow-mediated dilator response of the brachial artery, the effect of simvastatin combined with ramipril was significantly greater than that of monotherapy, an effect consistent with enhanced release of NO.
LDL induces the expression of AT 1 receptor upregulation, and hypercholesterolemic rabbits display enhanced vascular expression of AT 1 receptors representing increased activity of angiotensin II. 13, 14 Of interest, statins reverse the elevated blood pressure response to angiotensin II infusion and downregulate AT 1 receptor density. 15 Therefore, simvastatin combined with ramipril may reduce LDL cholesterol levels and angiotensin II expression, which would be predicted to improve flow-mediated dilation. Indeed, consistent with other studies, 16, 25 we observed that simvastatin combined with ramipril significantly improved the percent flow-mediated dilator response to hyperemia to greater extent than simvastatin or ramipril alone. One recent study reported no additional benefits on coronary atherosclerosis progression measured by quantitative coronary angiogram when simvastatin was combined with enalapril. 26 However, this study was done in normocholesterolemic patients, and the diameter change of coronary artery may not reflect important biological changes in the cell. Indeed, careful analysis of that study shows that when compared with placebo patients, fewer patients with enalapril experienced the combined end point of death/ myocardial infarction/stroke less often despite no benefits on the diameter change of coronary artery.
Consistent with our previous studies, 4,7 plasma nitrate levels, reflecting luminal release of NO, 27 were marginally and significantly reduced with either simvastatin alone or in combination with ramipril. Reduction in luminal release of NO after simvastatin alone or in combination with ramipril may indicate reduced synthesis of NO by constitutive NO synthase. This, in turn, may be a consequence of reduced NO degradation by oxidized lipoproteins, free radical molecules from the endothelium and from nflammatory cells, 28 and decreased superoxide anions generated by angiotensin IIdependent nicotinamide adenine dinuclotide (phosphate) oxidases within the vascular wall. 9, 10 In the current study, we observed that simvastatin alone or combined with ramipril decreased the plasma MDA levels relative to baseline measurements whereas simvastatin combined with ramipril resulted in an even greater effect than simvastatin alone (consistent with an experimental study). 29 We observed that simvastatin combined with ramipril had a significantly greater effect to reduce MCP-1 levels than simvastatin alone. We hypothesized that simvastatin may reduce plasma MCP-1 levels via inactivation of NF-B. This would be predicted to improve NO bioactivity as reflected in improved flow-mediated dilation. However, we did not observe significant inverse correlations between MCP-1 levels and flow-mediated dilation. CRP is now considered to be important inflammatory mediator as well as acute phase reactant. CRP upregulates AT 1 receptors in vascular smooth muscle cells, and these effects are attenuated by losartan. 30 In the current study, we observed that simvastatin combined with ramipril significantly reduced CRP levels greater than ramipril alone.
Bourcier et al 31 demonstrated that simvastatin reduces levels of PAI-1 antigen released from smooth muscle cells and endothelial cells. However, in hypercholesterolemic postmenopausal women, 4 we did not observe reduction of PAI-1 by simvastatin. The reduction of PAI-1 in our present study is consistent with observation of increased PAI-1 levels in humans after infusion of angiotensin II. 32 Of interest, we observed that simvastatin combined with ramipril significantly reduced PAI-1 antigen levels more than simvastatin alone.
Perspectives
Impaired endothelial vasodilation is associated with increased cardiovascular event rates. Furthermore, endothelial dysfunction and increased vascular oxidative stress predict the risk of cardiovascular event rates in patients with coronary artery disease. 33, 34 MCP-1, CRP, and PAI-1 are independent serological markers that predict cardiovascular events. We observed that simvastatin combined with ramipril improves endothelial function as reflected by improved flow-mediated dilation, improves fibrinolysis potential, and reduces oxidant stress and inflammatory markers. Accordingly, combined therapy is expected to be more effective to reduce the cardiovascular events than simvastatin or ramipril alone in hypercholesterolemic patients independent of effects to lower blood pressure. 35 
